T he m uscu lar responses to one shock, or tw o shocks sep arated by 3-10 m sec., applied to th e nerve o f a frog's nerve-sartorius preparation, w hen im m ersed in R in g e r's solution containing glucose an d buffered w ith b icarb o n ate, were reaso n ab ly c o n sta n t for a b o u t 3 hr. The m ain response to tw o shocks w as followed by a sm all after-tension, w hich, like B rem er 's (1932) 'neurom uscular c o n tra c tu re ', w as abolished by atro p in e in concentration too sm all to influence th e m ain response, or by curarine in concentrations w hich som ew hat reduced th e m ain response.
T reatin g n erv e-sarto riu s p re p a ra tio n s from frogs w hich h ad been k ep t a t 14-18° C for som e days before use ('w a rm ' frogs) w ith prostigm ine, eserine, or th e d im eth y lcarb am ic ester of 8-hydroxym ethylquinolinium m eth y lsu lp h ate, u sually p ro d u ced no change in th e m ain response to one or to tw o shocks, b u t au g m en ted th e after-tension in th e response to tw o shocks, a n d caused a n after-ten sio n to follow th e response to a single shock.
On th e o th e r h a n d , tre a tin g p rep aratio n s from frogs w hich h ad been k e p t a t 0-5° C for m ore th a n 40 h r. before use ('c o ld ' frogs) w ith any of th e eserine-like com pounds caused th e response to one or to tw o shocks to becom e au gm ented, as w ith m am m alian prep aratio n s, an d to be followed by irregular tw itch in g s w hich lasted for a b o u t a second. The after-tw itchings were abolished b y atro p in e in co ncentrations w hich slightly reduced th e m ain response, or b y curarine in concentrations w hich reduced th e m ain response ra th e r m ore.
T reatin g 'w a rm ' p re p a ra tio n s w ith R in g er's solution of h alf th e usual calcium co n ten t, or w ith R in g er's solution containing an y of th e following ag en ts (which are know n to sensitize to stim uli of long duration), in small co ncentration, p roduced no appreciable change in th e responses: tetraethylam m onium iodide, sodium c itra te , guanidine carbonate, or m ethylguanidine hydrochloride. If, how ever, prep aratio n s so tre a te d were also tre a te d w ith an y of th e eserine-like com pounds, th eir responses th en becam e like those of a 'c o ld ' p re p a ra tio n w hich h ad been tre a te d w ith an eserine-like com pound.
The responses evoked by applying one shock, or tw o w ith an interval * B eit M em orial R esearch Fellow.
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of 3-10 msec, betw een them , to th e pelvic end of th e frog's sartorius muscle, afte r sufficient curarine to render nerve stim u lation ineffective, were u n in fluenced by an y of th e eserine-like com pounds, or by an y of th e five agents m entioned in th e previous p arag rap h , provided th a t shocks o f sh o rt d u ratio n were u s e d : w hen condenser discharges of long d u ratio n were used, tre a tm e n t of 'w a rm ' p rep aratio n s w ith an y of th e five agents, in th e sam e con cen tra tions as produced th e changes described in th e previous parag rap h , au g m ented th e response. Calcium-deficiency, in large or sm all degree, affected little th e response to stim u latio n of m uscle. B u t a m od erate deficiency changed th e responses to rep etitiv e stim u latio n of nerve in such a w ay as m ight have been im itated by stim u latin g th e nerve of th e u n tre a te d p re p a ratio n a t a lower frequency. W hen th e deficiency w as m ore severe, on stim u latin g w ith 150 shocks per sec., no response was visible for th e first 1-3 sec., th e tension th e n rose to less th a n a q u a rte r of its norm al m axim um , a n d afterw ards fell slowly. Prostigm ine in large concentrations produced little im provem ent, whereas calcium quickly produced a m ark ed im provem ent.
Wedensky found (1883, 1885, 1886 ) th a t when the nerve of a frog's nerve-muscle preparation was stimulated maximally for 10-20 sec. at a rate of about 250 shocks per sec. the muscle gave a twitch-like response, and then relaxed almost completely and remained relaxed; th a t when the nerve was stimulated a t a rate of about 50 shocks per sec. the muscle gave a response which rose to a greater maximum than th a t exhibited during high-frequency stimulation, and then diminished slowly. He showed (1886, 1891a, b, c) th a t the rapid relaxation was due mainly to a failure of neuromuscular transmission. Recently I have described experiments with frog's nerve-muscle preparations, showing th a t one of the actions of eserine, prostigmine (Roche) , or other eserine-like compounds, was to lower the frequency a t which maximal repetitive stimulation of the nerve resulted in failure of muscular response (1938) . I showed th a t in these conditions also the failure of muscular response was due mainly to failure of neuromuscular transmission. K eith Lucas (1911) and Adrian (1913) developed methods of studying neuromuscular transmission in which only two or three shocks need be applied in rapid succession to the nerve. My next aim was, therefore, to see whether more precise information could be obtained using those methods instead of repetitive stimulation. Before I could begin such experiments, however, it was necessary to examine the actions of eserine-like compounds (hereafter this expression includes eserine and prostigmine) upon the response to the more or less synchronous nerve volley set up by an isolated shock. This was all the more necessary because my previous experiments had suggested th a t in certain conditions eserinelike compounds caused the response of the muscle to a single nerve volley to become repetitive. Some of those experiments were made with pre-parations from frogs which had been kept a t 14-18° C for some days before use ('w arm ' frogs), others with preparations from frogs which had been kept at 0-5° C for more than 40 hr. before use ('cold' frogs). I found, on the one hand, th a t the warm frog preparations, after treatm ent with sufficient eserine or prostigmine, generally gave, at the beginning of stimulation of the nerve w ith 50-200 shocks per sec., a twitch-like muscular response of maximum tension equal to th a t which had been elicited by a single maximal shock to the nerve of the untreated preparation; that, on the other hand, cold frog preparations, after the same treatm ent, gave, at the beginning of stim ulation in the same way, a muscular response in which the maximum tension was of such a size as would have been elicited by a train of several shocks to the nerve of the untreated preparation. Moreover, with the cold preparations eserine or prostigmine, in small concentration, augmented the early p art of the response to stimulation of the nerve with 20-40 shocks per sec. By experiments described in § 1 of this paper I obtained evidence th a t eserine-like compounds caused the muscles of cold preparations to respond repetitively to a single nerve volley, but not the muscles of warm preparations. These results led me to examine the conditions in which a frog's nerve-muscle preparation could be made to give an augmented response to a single nerve volley when treated with an eserine-like compound. T hat examination is described in § 2. Those experiments, in their turn, led me to examine the actions of calcium-deficient solutions together with prostigmine upon the responses of frog's nerve-muscle preparations ( § 3). P a rt of this work has been described in preliminary communications (1936a, b) . The experiments by Lucas's and by A drian's methods will be described in the next paper.
M a t e r ia l s
For reasons already discussed, isolated nerve-sartorius preparations were used immersed in glucose-containing Ringer's solution heavily buffered with bicarbonate (Cowan 1938) . The frogs-warm or cold-were English Rana temporaries which weighed 20-60 g. and which had been in captivity for less than a month. The dissection was made a t room temperature. Except where otherwise stated, the preparations from warm frogs were soaked for an hour in Ringer's solution before use, and those from cold frogs for only half an hour. The Ringer's solution was prepared by adding 5 c.c. of a distilled-water solution containing 4 g. CaCl2 per 100 c.c. to 995 c.c. of a distilled-water solution containing 6-0 g. NaCl, 1-34 g. NaHCOa, 0T0 g. KC1, and 1-0 g. glucose. The pH of this solution, when in equilibrium with oxygen-5 % carbon dioxide mixture, at 15° C, was 7-2. When a Ringer's solution containing more or less calcium than th at above was required, the volume of the added calcium chloride solution was adjusted accordingly.
I am indebted to Roche Products Ltd., London, and F. HoffmannLa Roche, Ltd., Basle, for supplies of the following eserine-like compounds: prostigmine, the dimethylcarbamic ester of 8-hydroxymethylquinolinium methylsulphate (hereafter substance 38), and the dimethylcarbamic ester of 3-hydroxyphenylmethyldiethylammonium iodide (hereafter prepara tion 3393). The last-mentioned compound was specially synthesized for experiments reported in this and in an earlier paper. Solutions of these compounds or of eserine or atropine sulphate were made up freshly in Ringer's solution before each experiment and then diluted as required.
Two samples of purified curarine chloride were used. They were parts of the preparations which Professor C. Lovatt Evans and Dr H. King had been kind enough to give to Dr Ing and myself, and which have been used in previous work Ing 1934, 1935; Cowan 1938) . The molecular weight of curarine chloride was assumed to be about 333, from Boehm's (1897) analysis.
For the experiments described in § 2 the sodium citrate was an "AnalaR " sample, the tetraethylammonium iodide, guanidine carbonate, and methylguanidine hydrochloride were prepared by recrystallization.
SEC TIO N 1 M e t h o d s
After the preliminary soaking the preparation was mounted in a bath filled with Ringer's solution which was maintained at 15° C and stirred with oxygen-5% carbon dioxide mixture. For some experiments the bath was a modified Lucas's trough divided by partitions so as to form fluid electrodes through which the nerve or the pelvic end of the muscle could be stimulated. The stimulating currents were led in through zinc-zinc sulphate half-cells. The muscle was connected to the Lucas's lever crank and thence to an isometric spring torsion lever recording on smoked p ap er: the moving system had a period of approximately sec. Further details of the foregoing apparatus can be obtained from an earlier description (1938) . For other experiments it was convenient to use a new bath wdiich could be immersed in a water therm ostat in a Dewar vessel. Details are given in figure 1 and in the description of th at figure. The bath was designed primarily for the experiments to be described in the next paper. During (i) (ii)
F ig u r e 1. V ertical ty p e b a th , in w a te r th e rm o sta t, (i) Section, (ii) Plan. A , nervesarto riu s p re p ara tio n in position. B , p in an d holder for fixing th e acetabulum . C, C, bak elite p a rtitio n w ith shaped hole th ro u g h w hich th e muscle passes. D D , vertical p a rtitio n . E E , a second v ertical p a rtitio n , w ith hole th rough which the cen tral end of th e nerve passes. F o r convenience in draw ing this p a rtitio n has been tu rn e d th ro u g h 90° in (i). F F , th e m uscle b a th , w hich was a cylindrical glass sleeve closed a t its lower end b y a bak elite disk. H H H H , th e muscle b a th was fixed in a cage form ed b y v ertical b rass rods w ith th e ir u p p er ends screwed into a bakelite plate a n d th e ir lower ends secured to a th ic k brass p late. The holder for th e acetabulum was clam ped in a collar in th e cen tre of th e brass plate. The bakelite p late a t th e top of th e cage was held in p osition b y a steel ring, w hich is n o t shown here. The tendon of th e m uscle was tie d to a steel w ire, th e o th er end of w hich was connected to an isom etric lever. K , je t conveying oxygen-5 % carbon dioxide m ixture. A lthough n o t show n, sim ilar je ts were pro v id ed in th e o th er com partm ents of th e b ath . By th is m eans th e solution was k e p t stirre d a n d a t th e correct pH . L L L , water-filled D ew ar vessel. M , air je t for stirrin g th e w ater. N , therm om eter. P , Q, and R , zinczinc su lp h ate half-cells for leading stim u latin g c u rren t into th e com partm ents. For stim u latio n of nerve P an d Q were u s e d ; for stim u latio n of muscle Q and R .
those experiments I wished to maintain the temperature of the bath and its contents constant to within about ± 0 -l°C . W ith the earlier bath, maintenance of the tem perature within these limits would have needed too much attention. For the stimulation of nerve or of muscle break induction shocks or condenser discharges were used. The break shocks were obtained from a coreless coil with a Lucas's pendulum in the prim ary circuit. The position of the secondary coil relative to the primary was kept fixed and the strength of shock adjusted by altering the current in the primary. The duration of the break shock was not measured, but Mr A. L. Hodgkin (Hodgkin 1937) found th a t in his experiments with another coil of the same type the duration of a shock was about 40 /^sec. In my experiments the external resistance in the secondary circuit was probably lower owing to the use of fluid electrodes, and for this reason probably the duration was a little longer. When condenser discharges were used, the condensers were of known capacities and the effective shunting resistance was measured with alternating current: the durations (time-constants) of the discharges were calculated with these figures. The strength of stimulation was altered by altering the voltage to which the condenser was charged.
For experiments in which two shocks were required either break shocks or condenser shocks were used. The interval between the shocks was timed by a Lucas's pendulum. The break shocks were obtained from two coreless coils with their windings placed a t right angles to one another, and with their secondary windings connected to the same electrodes. The positions of the secondaries were kept fixed relative to the primaries, and the strengths of the shocks, always with both secondaries in circuit, were adjusted by altering the currents in the primaries. The condenser shocks were either two discharges in succession or else a discharge followed by a charge. The two discharges were obtained by a simplification of the arrangement shown in figure 2 A-the key K 3 was short-circuited during these exp The discharge shock followed by charge was obtained by the arrangement shown in figure 2B . At first, I attem pted to use the electric supply mains, 110 V JD.C., as a source of current. Since, however, they had a super imposed A.C. ripple sufficiently intense to stimulate nerve, I had to abandon them in favour of a 120 V battery of accumulators. The strengths of the two shocks could be varied relative to one another by adjusting the values of the resistances Rx, R2, R 3 i n figure 2 A, figure 2 B : the strengths of the shocks could also be varied simultaneously by tapping off different voltages from the battery. The sum of the resist ances R1 + R2 4-R3 in figure 2 A, or Rx + + Rx i as small as possible in order th a t the resistance of the battery arm of the circuit should be small in comparison with the resistance of the arm which included the fluid electrodes and tissue: a t the same time, however, in figure 2A , or Rx + R3 in figure 2B , could not be reduced be minimum values, because otherwise, when K x and K 2 were closed, the current drawn from the battery would have been excessive. The timeconstant of the shocks was altered by altering the capacity of the con denser, C. I t is to be noted th a t with the arrangement shown in figure 2 B the duration of the charge shock was longer than th a t of the discharge, but it was possible by choosing suitable values for the resistances Rx to see th a t the prolongation did not exceed 20 % a t worst (see the example in the description of figure 2B ).
, .
. F ig u r e 2 (right). C ircuit for o b tain in g condenser discharge followed by charge. R , K , C, a n d N , h av e th e sam e m eanings as in figure 2 (left).
I n one exp erim en t th e resistance b etw een th e fluid electrodes was 4600 ohm s. The cap acity of th e condenser w as 0-02/tF . I t was desired to discharge and th e n to charge th e condenser b y 20 V. T his w as done b y ap plying 80 V across th e " D.C. su p p ly " term in als, b y m aking R x : R 2 : R z : R t = 3 : 6 : 1 : 2, an d by m aking R x + R The bringing of R z in to th e a rm of th e circu it w hich included th e fluid electrodes and tissue m ade th e tim e-co n stan t of th e charge shock 960/(4600 + 480) = 18-9% longer th a n th a t of th e discharge shock.
After the preparation had been mounted, the procedure was to record the responses to test shocks applied to the muscle or to the nerve. When the responses had become steady, the substance whose action was to be examined was added in the form of a small volume of concentrated solution to the compartment which contained the greater part of the muscle, or else the bath was drained and then filled with fresh Ringer's solution containing the substance. If, after the action of the first substance on the response had been recorded, the subsequent action of a second sub stance was to be examined, either the second substance was added in concentrated solution to the 'muscle5 compartment, or the solution in the bath was removed and then replaced after addition of the second substance.
R e s u l t s 'Cold5 preparations which had been subjected to a preliminary soaking in Ringer's solution for less than an hour exhibited a few spontaneous twitchings soon after being treated with any of the eserine-like substances. Generally, the twitchings continued for 2-3 min. and then disappeared. In contrast to this, 'cold5 preparations which had been soaked for more than an hour rarely exhibited twitchings; 'w arm 5 preparations never exhibited twitchings (see also Cowan 1938) .
The responses of preparations from warm frogs to direct stimulation of the muscle
Under this subheading, and under subsequent ones, I shall first describe the action of prostigmine, and afterwards the actions of the other eserinelike substances.
Treatm ent of nerve-sartorius preparations with prostigmine in con centrations 0-03-3000/iM (micromols per litre), for periods up to 8 hr., produced no greater change in the response to a single shock than occurred in the response of control preparations which were merely soaked in Ringer's solution. If before treatm ent and during the first hour of tre a t ment the test shocks were limited to groups of two or three with 10-30 sec. intervals between the shocks and 5 min. intervals between the groups, and afterwards to similar groups at 10 min. intervals, the maximum tension developed in the response usually declined by less than 10% in 3 hr. In the experiments which were continued for 8 hr. the test shocks were applied in accordance with the foregoing plan before and during the first hour of treatm ent, then the preparation was left in prostigmine solution and more test shocks-one or two groups-were applied at intervals of f-1 hr. In about 8 hr. the maximum tension developed in the responses of the prostigmine-treated and of the control preparations declined to 80-95% of what it had been at the beginning of the experiment.
When Ringer-soaked muscles were stimulated by two successive shocks at an interval of 3-10 msec, some gave a summated response followed by a small tension which diminished and disappeared in J-2 sec., others gave a summated response followed by no perceptible after-tension. Those pre parations which gave an after-tension usually did so consistently during an observation period of about 3 h r .; the maximum value of the aftertension rarely exceeded 2-4 % of the tension attained in the main response. The treatm ent of Ringer-soaked preparations with prostigmine in con centration 0'03-300/dVI produced no change in the summated response, or in the after-tension when present. The after-tension was unaffected by curarine chloride in concentration 1/dVE, or by atropine sulphate in con centration 1 in 20,000.
In the foregoing experiments the shocks were applied to the pelvic end of the muscle in such a way th a t the cathode was always the more central of the electrodes (see Rushton 1932) . The results were unaffected by varying the tim e-constant of the shocks from 40 to 500/^sec., or their strengths from 1 to T5 times those needed to evoke maximal response.
When tested in the way just described, eserine in concentration 0 0 3 -50/dVT, or substance 38 in concentration 0-03-30/dM, produced no change in the response of muscle to single shocks or to pairs of shocks. Prepara tion 3393 produced no change in the response of muscle to shocks of timeconstant 40-250//sec. If, however, a single shock of time-constant 3000-5000/csec. was used, a (somewhat supramaximal) strength could be found such th a t whilst the muscle was immersed in Ringer's solution the response was of the same size as was evoked by a short maximal shock, but such th a t after the muscle had been treated for 10-20 min. in a solution con taining 50//M of preparation 3393 the response became augmented by up to about 30 % . A ugmentation of the response also occurred after tre a t ment with a solution containing 10/dVI of preparation 3393, but it was less consistent and smaller.
The responses of preparations from warm frogs to stimulation through the nerve
The treatm ent of preparations with prostigmine usually produced no change in the maximum tension evoked from the muscle by a maximal shock applied to the nerve, but occasionally it produced a slight increase. A part from this prostigmine caused a small tension to appear after relaxa tion was almost complete. The size of the after-tension differed in different preparations, its maximum value ranging from 3 to 15 % of the maximum tension developed in the main response. The after-tension gradually vanished in 1-4 sec. When prostigmine was used in a concentration 0-03/dVI the change did not become very well developed, but when higher concentrations were used the change became well developed in times about the same or a little longer than those required for prostigmine, in the same concentration, to exert its full effects on the response to repetitive stimulation through the nerve: with 0-3//M solution the time required was about 1 -1 | hr., with 300-3000/dM solution it was 5-10 min. (ef. Cowan 1938) . No changes other than the foregoing ones occurred so long as prostigmine-treated preparations were not stimulated frequently. If, however, preparations which had been treated with a solution containing 300-3000/dVl were stimulated at regular intervals of 15-60 sec., according to the condition and sensitivity of the preparation, then after one or two responses the maximum tension suffered a temporary depression which was followed by a slow recovery during later responses. The depression and recovery have already been described in some detail (Cowan 1938) .
Two shocks with an interval of 3-10 msec, between them elicited from Ringer-soaked preparations a summated response followed immediately by an after-tension which declined and vanished in 1-2 sec. Usually the maximum value of the after-tension amounted to 3-10% of the tension attained in the main response. When the interval between the shocks exceeded 10 msec., little or no after-tension could be observed. One of the actions of prostigmine was to prolong the minimum interval a t which two shocks could elicit a summated muscular response (see next paper). With prostigmine in concentrations 0-03-6-0/dVf, it was possible, however, to make the interval between the shocks great enough to eliminate this action, and yet not so great th a t the after-tension was absent from the responses before treatm ent. If the shocks were so spaced, the maximum tension of the summated muscular response was unaffected by the pro stigmine, whereas the after-tension was considerably augmented in size and duration (figure 3). Moreover, this after-tension following the summated response to two shocks was greater than th a t which the prostigmine caused to appear following the response to a single shock.
The after-tension, whether evoked by two shocks to the nerve of a Ringer-soaked preparation, by one or by two shocks to the nerve of a prostigmine-treated preparation, could be reduced or abolished by curarine, or by atropine, in small concentration. Generally the concentration of curarine chloride which abolished the after-tension was about 0T-0-5/iM, one which also reduced the tension developed in the main response. The concentration of atropine sulphate which abolished the after-tension was from 1 in 100,000 to 4 in 100,000; a perceptible reduction of the main response usually did not occur unless the concentration was raised to 1 in 10,000.
The responses described in the three preceding paragraphs were un influenced by alterations in the sense of the shocks (cathode proximal or distal)-either single shocks or two in rapid succession. The responses were also uninfluenced by varying the time-constants of the shocks between 40 and 250//sec., or their strengths between 1 and 1*5 times those needed to evoke maximal response. The responses described in the subsections of this paper beginning on pp. 367, 377 and 383 were likewise independent of the characteristics of the shocks, between the same limits.
F ig u r e 3. 26. iv. 36, E x p erim en t 1. T he effect of prostigm ine upon th e m uscular response to stim u latio n of th e nerv e of a sarto riu s nerve-m uscle prep aratio n which had been ta k e n from a w arm frog. T he stim ulus consisted of tw o shocks, each of tim eco n sta n t ap p ro x im ately 40 /isec., w ith a n in terv al of 8-0 msec, betw een them . The tim e m arkings are seconds.
A , 12.6 p.m ., th e R inger-soaked p re p a ra tio n was stim ulated. 12.10 p.m ., th e b a th was d rain ed an d th e n filled w ith R in g er's solution containing 6 prostigm ine. B , 1.16 p.m ., th e p re p a ra tio n was stim u la te d as before.
The actions of eserine and of substance 38 were qualitatively very similar to those of prostigmine. No fully quantitative comparison of the activities of these compounds was attem pted, but the results of the various experi ments, when taken together, probably justify a rough estimate th a t eserine in concentration 0-15-50/tM was equivalent to prostigmine in concentra tion 0-03-15//M, and th a t substance 38 in concentration 0-03-30//M was equivalent to prostigmine in the same concentration. The actions of preparation 3393 were qualitatively different from those of the other sub stances. This substance caused the responses to one or two shocks to become like those of cold frog preparations which had been treated with prostigmine (see below).
The responses of preparations from cold frogs to direct stimulation of the muscle
Prostigmine, eserine, substance 38, or preparation 3393, in the same concentrations as in the experiments with warm muscles, produced no change in the response to one or two maximal or slightly supramaximal shocks of time-constant 40-500//sec. B ut when shocks of longer duration (time-constant 3000-5000/^sec.) were used, the response changed as a result of merely soaking the preparation in Ringer's solution. If the soaking was only for about half an hour, generally, I was unable to find a range of stimulation strengths over which the size of the response remained constant, i.e. a response which could be clearly identified as maximal; instead the size of the response seemed to vary with the strength of stimulus. After the preparation had been soaked for about a further 2 hr., however, it became possible to find a small range of stimulus strength over which the size of the response remained constant and approximately equal to (or sometimes a little greater than) th a t of the response to a shock of short duration. On examining again the responses th a t the preparation had given after soaking for only half an hour in Ringer's solution, it could be seen th a t a shock of long duration, and of strength which was found to be maximal after about 2 | hr. soaking, had evoked an augmented response. Prostigmine, eserine, or substance 38 produced no change in the response to shocks of long duration. Preparation 3393 when used in concentration 5 0 pM produced an augmentation which outweighed the effect of soaking in Ringer's solution, but when used in concentration 5/iM this did not always happen.
The responses of preparations from cold frogs to stimulation through the nerve
The responses of Ringer-soaked preparations to one or two maximal shocks did not differ in any obvious wT ay from the corresponding responses of warm preparations. When cold preparations which had been soaked in Ringer's solution for 1 hr. were treated with prostigmine in con centration 0*03-0-3/dM, the response to a single shock became augmented. The response to two shocks separated by an interval of 3-10 msec, not only became augmented but was followed immediately by irregular twitchings. Usually the twitchings lasted for about a second. Figure 4 shows responses of the foregoing types. (It is immaterial th a t in this instance prostigmine and an agency other than cold-conditioning of the frogs before use were responsible for the changes. See later.) When cold preparations which had been soaked in Ringer's solution for |-1 hr. were treated with prostigmine in larger concentrations (3-10/dYI), the response evoked by a single maximal shock became augmented and was followed immediately by irregular twitchings which lasted for about a second and then merged into a smooth after-tension. Figure 5A -C shows changes of this kind. Similarly, when two shocks were used, with an interval of 3-10 msec, between them, prostigmine augmented the response and caused irregular twitchings which later merged into an after-tension to follow it. The tension developed in the augmented response to two shocks was greater than th a t developed in the augmented response to one shock; moreover, the twitchings which followed two shocks were of greater size and duration than those which followed one shock. Differences of this F ig u r e 4. 27. iv. 36, E x p erim en t 2. T he effect of prostigm ine, in sm all concentration, upon th e response to stim u la tio n o f th e nerve of a sarto riu s nerve-m uscle prep aratio n w hich h a d been ta k e n from a w arm frog a n d subjected to a prelim inary soaking in R in g er's solution of o ne-half th e u su al calcium chloride co n te n t: th e effect of atro p in e subsequently. T he tim e m arkings are seconds.
3.50 p.m ., p re p a ra tio n im m ersed in th e m odified R in g er's solution. A , 4.25 p.m ., nerve stim u la te d w ith a single shock o f tim e-co n stan t ap proxim ately 40 ysec. B , 4.32 p.m ., nerv e stim u la te d w ith tw o shocks, each of tim e-co n stan t ap p ro x i m ately 40 /isec., a t a n in te rv a l o f 3-9 msec.
5.4 p.m ., b a th d rain ed a n d th e n filled w ith m odified R in g er's solution containing 0-3/iM prostigm ine. C, 5.30 p.m ., nerv e stim u la te d w ith a single shock as in A . D , 5.58 p.m ., nerve stim u la te d w ith tw o shocks as in B .
5.59 p.m ., atro p in e su lp h a te ad d ed to solution in b a th to m ake th e concentration 1 in 25,000. E , 6.8 p.m ., nerv e stim u la te d w ith tw o shocks as in B . F , 6.25 p.m ., nerve stim u la te d w ith a single shock as in A.
kind are shown in figures 5C and 6. In many experiments, about 10 sec. after the twitchings and after-tension which followed one or two shocks had subsided, a few fresh twitchings appeared (e.g. in figure 6 ). Although these were less vigorous than the earlier twitchings, sometimes they con tinued for nearly a second. I f stimulation was repeated more frequently than once in 2 or 3 min., the late twitchings became still later or dis-appeared temporarily from the response. The early twitchings were also sensitive to frequent stimulation, although different preparations differed upon th e response to stim u latio n of th e nerve of a n erve-sartorius p rep aratio n w hich h ad been ta k e n from a w arm frog an d subjected to a prelim inary soaking in R inger's solution containing one-half th e usual am o unt of calcium ch lo rid e: th e effect of curarine subsequently. T he tim e m arkings are seconds. 4.10 p.m ., p re p a ra tio n im m ersed in th e m odified R in g er's solution. 4.55 p.m ., nerve stim u lated w ith a single shock of tim e-co n stant approxim ately 50 fisec.
5.5 p.m ., b a th d rained a n d th e n filled w ith m odified R in g er's solution containing 6/dVl prostigm ine. B , 5.36 p .m ., nerve stim u la te d w ith a single shock as in A . C, 6.10 p.m ., nerve stim u lated w ith a single shock as in 6.11 p.m ., curarine chloride ad ded to b a th to m ake th e concentration 0-5/dVI. D, 6.23 p.m ., nerve stim u lated w ith a single shock as in A .
F ig u r e 6. 26. iv. 36, E xperim ent 2. P a r t of th e sam e e x p erim en t as in figure 5.
6.3 p.m ., nerve stim u lated w ith two shocks, each of tim e -c o n sta n t approxim ately 50 /tsec., w ith a n in terv al of 4 0 msec, betw een th em . a good deal in this respect. Generally, in a second response about half a minute after a first response the twitchings were much reduced, and were fused together more than in the first response. In a third response about half a minute after a second response the twitchings became still more A B C D F ig u r e 7. 15. vi. 38. T he effect of prostigm ine upon th e response to stim ulation of th e nerve of a R inger-soaked sarto riu s p re p aratio n from a w arm frog (H ungarian R . esculenta) : th e effect of guanidine ad d ed la te r : th e effect of atropine added still later. The tim e m arkings are seconds.
12.30 p.m ., p re p a ra tio n im m ersed in R in g er's solution. 1.16 p .m ., b a th d rain ed an d th e n filled w ith R in g er's solution containing 8//M prostigm ine. A , 2.23 p .m ., series of th re e shocks to th e nerve, each w ith a tim eco n sta n t of ap p ro x im ately 160 //sec.
3.1 p.m ., guanidine carb o n ate ad d ed to b a th to m ake th e concentration 420//M (i.e. 840 m icro-equivalents per litre). B , 3.55 p.m ., nerve stim u lated th ree tim es as in A .
4.26 p .m ., m ore guanidine carb o n ate ad d ed to b a th , m aking th e to ta l concentra tio n 1840//M (3680 m icro-equivalents p er litre). C, 4.54 p.m ., nerve stim ulated th ree tim es as in A . 4.58 p.m ., atro p in e su lp h ate ad d ed to b a th to m ake concentration 1 in 100,000. D, 5.9 p .m ., nerve stim u lated th ree tim es as in fused, and the tension developed was larger than the tension developed in the twitchings following the second response. The augmented main re sponse was relatively less sensitive to frequent stimulation; it did not diminish during stimulation three times per minute. Figure 7 illustrates the effects of frequent stimulation, although in all those responses the twitchings are smaller relative to the main response, and more fused together than was usual with preparations from R. temjporaria (see further note in § 2).
The responses described in the foregoing paragraph became fully de veloped within about an hour of subjecting the preparation to Ringer's solution containing prostigmine. If the soaking in th a t solution was then continued for another 1-2 hr., the time depending on how sensitive the preparation was and how long it had previously been soaked in Ringer's solution, further slow changes occurred: first, the late twitchings following one or two shocks disappeared; later, the maximum tension developed in the augmented main response became slightly smaller, and the early twitchings became smaller and more fused together; still later, a single shock evoked an augmented response followed by a smooth after-tension, whereas two shocks, in rapid succession, evoked an augmented response followed by twitchings which later merged into a smooth after-tension. Prostigmine in concentrations 10-100/dVI reduced the time required for development of the augmented responses and twitchings described above. It produced no further change, except perhaps th a t it made the prepara tions rather more sensitive to the effects of frequent stimulation.
The actions of curarine and of atropine upon the responses of prostigminetreated preparations were examined. Curarine chloride in concentration OT-O-5/dM was required to abolish the early and the late twitchings following one or two shocks. The curarine chloride also reduced the augmented main response, although generally not so much th a t the aug mentation was completely nullified ( figure 5(7, D) . Curarine chloride in smaller concentrations (0-01-0-05//M) reduced the early twitchings and abolished the late ones if they were present, but it did not affect the main response. Atropine sulphate in concentration 1 in 100,000 to 4 in 100,000 abolished the early and late twitchings, and in most experiments, reduced the augmented main response (e.g. figure 4 E): usually the reduction was less than 10% . Atropine sulphate, in concentration 1 in 10,000, reduced the main response below its pre-augmentation value.
The results of experiments with eserine or substance 38 were very similar to those with prostigmine. The activities of these compounds were com pared using an approximately quantitative method like th a t used pre-viously to compare the activities of the same compounds upon the response to repetitive stimulation (Cowan 1938) . Eserine sulphate in concentration 0T5-30//M, or substance 38 in concentration 0-03-10//M, was approxi mately equivalent to prostigmine in concentration 003-10/d\l. Prepara tion 3393 in concentrations 1-10/tM also produced changes similar to those which prostigmine produced. When smaller concentrations were used (003-006/dVl) the responses of preparations which had been treated with preparation 3393 differed from those of preparations which had been treated with prostigmine in th a t irregular twitchings sometimes followed the augmented main response to a single shock.
D is c u s s io n T hat a shock of long duration applied to the pelvic end of a cold muscle should elicit an augmented response whereas a shock of short duration elicited a response of about the same size as (or a little smaller than) th a t elicited by a maximal shock to the nerve accords with already established observations. I t is known th a t muscle or nerve from cold frogs responds repetitively to electric currents of long duration whereas muscle or nerve from warm frogs may yield but one response (see e.g. Biedermann 1896 Biedermann , 1898 K atz 1936) . The interesting point is th a t eserinelike substances caused the response of cold muscle to stimulation through its nerve to become augmented. Since the response of the muscle to direct stimulation was unaffected by the eserine-like substances (except preparation 3393 which will be discussed later), since the response evoked by a single shock to the nerve was independent of the character of th a t shock so long as its strength was a t least maximal, and since two shocks with an interval of about 3 msec, between them -an interval less than twice the absolute refractory period of the most rapid motor nerve fibres supplying the muscle (Adrian 1913; see also § 2 of next paper)-elicited a greater response than did one shock, it is very difficult to escape the con clusion th a t the eserine-like substances caused the muscle to respond repetitively to a single nerve volley, i.e. th a t they caused the stimulus delivered through the nerve ending to persist a t a supraliminal value for more than one refractory period of the muscle. The eserine-like compounds might lower the threshold of the p art of the muscle fibre juxtaposed to the nerve ending, and perhaps of the remainder of the fibre also. They might intensify or prolong the stimulus delivered through the nerve ending. They might act by a combination of these methods. If this be accepted, then the observation th a t eserine-like substances did not cause the response of warm muscle to a single nerve volley to become repetitive can be attributed to the known insensitivity of warm muscle to stimuli of long duration. There are two possible explanations of the slight augmenta tion of response th a t sometimes occurred. I t may have been due to re petitive response of a few of the fibres of the muscle, or to the bringing into action of a few additional fibres of the muscle. Adrian and Lucas (1912) found evidence th a t in certain not very well-defined conditions an isolated nerve volley failed to excite some of the fibres of frog muscle whereas a second volley following 20-40 msec, after an earlier one was effective (see also Samojloff 1908) .
The above explanation of the augmented responses of cold pre parations is, I think, supported by considering the actions of preparation 3393 upon warm preparations. The experiments in which the muscle was stimulated directly indicate th a t preparation 3393, a derivative of the phenylmethyldiethylammonium cation, sensitizes to stimuli of long dura tion. This sensitizing action is in accord with what is already known about the properties of cations of similar chemical constitution. Tetraethylammonium cations produce spontaneous activity of nerve (Loeb and Ewald 1916) and of frog's nerve-muscle preparations (Marshall 1914-16) . Marshall has shown th a t the ability to produce spontaneous activity declines and eventually disappears as the ethyl groups of the tetraethylammonium cation are replaced successfully by m ethyl groups. W alter and I (1937) have shown th a t tetraethylammonium cations bring about sponta neous activity of nerve as a limiting result of sensitizing it to stimuli of long duration. Turning again to the augmented response of the muscle when stimulated through its nerve, the question might be asked: Does not preparation 3393 produce the augmentation by causing the nerve to respond repetitively ? Certainly there is no reason to suppose th a t the nerve escaped being sensitized to stimuli of long duration, for it is known th a t other agencies which sensitize muscle also sensitize nerve, e.g. calcium deficient Ringer's solution sensitizes muscle (Loeb 1905; Lucas 1908; Mines 1908a, b) and nerve (Kahn 1911; Solandt 1936) . The answer is that, as in the ex periments with " cold" preparations, only short shocks of not greatly supramaximal strength were used in order to avoid repetitive response of the nerve. Since the response to two such shocks separated by an interval of 3 msec, was greater than the response to one shock, it seems th a t this precaution was effective. Besides a sensitizing action to stimuli of long duration, preparation 3393 has an eserine-like activity on neuro muscular transmission-measured by the changes which it produces in the response of frog's nerve-muscle preparations to repetitive stimulation Vol. 129. B. (Cowan 1938 )-approximately equal to th a t of prostigmine. Apparently a single nerve volley cannot evoke a repetitive response from the muscle of a warm frog preparation which has been treated with an eserine-like substance, unless th a t muscle has also been sensitized to stimuli of long duration.
The properties of the after-tension which followed the main response of Ringer-soaked warm muscle to direct stimulation are similar to those of the contracture which Bremer (1932) observed, following the response of the frog's blood-circulated gastrocnemius to direct stimulation by two shocks in rapid succession. In most of my experiments in which the after-tension appeared, probably it was smaller than the contracture in Bremer's, but I cannot be certain of this since his responses were recorded isotonically and mine isometrically. So also, the properties of the aftertension in the response evoked from Ringer-soaked warm preparations by applying two shocks to the nerve are very similar to those of the neuromuscular contracture which Bremer found in the responses of blood-circulated sciatic-gastrocnemius preparations, although in my ex periments the after-tension was usually smaller th an th a t in Bremer's published records of isometric responses. The smallness may be due to a difference between the gastrocnemius and sartorius, or to differences of experimental method. F urther discussion here would be premature.
For the purpose of the present discussion the most im portant differences between the two after-tensions described above are: th a t the one evoked by indirect stimulation was augmented by the action of the eserine-like substances, whereas the one evoked by direct stimulation was not so augmented; th a t after augmentation, the one evoked by indirect stimula tion retained its similarity to Bremer's neuromuscular contracture in asmuch as, compared with the main response, it remained relatively sensitive to atropine and relatively insensitive to curarine.
Apparently the early twitchings in the response of cold preparations which had been treated with an eserine-like substance correspond to the augmented after-tension in the response of warm preparations which had been treated with an eserine-like substance. Bremer (1932, p. 80) has suggested th a t the contracture is 'the reactional expression of a very slow, specific excitability of the muscle fibre'. If, however, his view is accepted, it is difficult to explain why the after-tension should be partly transformed into twitchings. I t seems to me preferable to consider the 'neuromuscular contracture ' in the light of what is known about the stimulation of muscle by electric currents. A constant current too weak to set up propagated excitation may produce a contracture localized a t the cathode (Bieder-mann 1896; Bremer 1932). A current which increases too slowly to set up propagated excitation may produce a similar contracture (Lucas 1907 (Lucas , 1908 Fabre 1927-33) . I t is unnecessary, however, to make any assumption as to what is the nature of the agent which transfers excitation from motor nerve to voluntary muscle. I t is sufficient to suppose th a t the after-tension is due to a stimulus-remainder which persists near the nerve endings for a time long in comparison with the refractory period of muscle, or to an after-discharge a t the nerve endings. The augmentation of the aftertension by eserine-like compounds would be consistent with their exerting any of the actions mentioned above when discussing the main responses to a nerve volley. Nor then would it be surprising th a t through such an action of an eserine-like compound, combined with a sensitization of the muscle to stimuli of long duration, the stimulus-remainder, or afterdischarge, should become able to set up propagated excitation in some of the muscle fibres.
SE C T IO N 2
Experiments were made in order to test the above reasoning. If the augmented responses of cold preparations which had been treated with an eserine-like substance, or of warm preparations which had been treated with preparation 3393, to stimulation through the nerve, were due to the muscle being sensitive to stimuli of long duration, then it should be possible to obtain similar augmented responses from warm preparations by treating them with prostigmine, eserine, or substance 38, together with any agent which sensitizes to stimuli of long duration. I t was clear th at, if the experiments were to be comparable with the earlier ones, the sensitizer would have to augment the responses after the preparations had been treated with prostigmine, eserine, or substance 38, but not before. Any agent sensitizing muscle to stimuli of long duration might be expected, moreover, partly to transform the augmented after-tension into twitchings. Experiments with five sensitizing agents are described below. The experi ments were qualitative rather than quantitative, but the five agents were selected with a view to more quantitative experiments which I hope to describe in a subsequent paper. The sensitizing actions of the five agents upon nerve have already been examined in a partly quantitative way: Ringer's solution of low calcium content (Solandt 1936; K atz 1936) , sodium citrate (Solandt 1936; K atz 1936) , tetraethylammonium iodide (Cowan and W alter 1937) , guanidine and methylguanidine (Cowan 1940) . Fuhner (1908) has asserted th a t the spontaneous twitchings of muscle which guanidine produces are due to an action on motor nerve endings. However, Camis (1909) found th a t guanidine produced spontaneous twitchings of the frog's sartorius muscle after section and degeneration of the nerves. Also, he found th a t when induction shocks from an ironcored coil were used to stimulate the sartorius a t its pelvic end, guanidine in small concentrations (115-3140/dM) caused the response to become augmented; and th a t guanidine in larger concentrations first augmented and later depressed the response.
R e s u l t s

Responses to direct stimulation of muscle
The soaking of warm preparations for periods of |-3 hr. in Ringer's solution of one-half the usual calcium chloride content together with curarine chloride in concentration 5//M. or in any one of the following substances in the concentration stated and curarine in concentration 5/dM, produced no change in the response to one shock, or to two shocks with an interval of 3-10 msec, between them : 1000-2000/dM, sodium citrate; 20-100/tM, tetraethylam m onium iodide; 100-500/dVl, guanidine carbonate; 200-1000/dVI, methylguanidine hydrochloride.
W ith the cathode as the more proximal electrode, this result was un affected by varying the tim e-constant of the shocks from 40 to 500/^sec., and their strengths from 1 to 1*5 times those needed to evoke maximal response. If, however, a single shock of time-constant 3000-5000 /«sec. was used, and its strength was so adjusted th a t the response of Ringersoaked muscle was of the same size as th a t evoked by a shock of shorter time-constant, then on treating the muscle with a sensitizing solution usually the response became augmented. The augmentation was reversible. I t could be made to disappear by washing the preparation in unmodified Ringer's solution for 20-50 min.
As in the experiments described in § 1, a small after-tension sometimes followed the main response of the preparation before it had been treated with any of the above-mentioned sensitizing solutions. These solutions left the after-tension unchanged or augmented it slightly.
When preparations which had been treated with a sensitizing solution were subsequently treated with prostigmine in concentration 0-03-10/fM, eserine in concentration 0-1-50/dVI, or substance 38 in concentration 0-03-10/dVT, their responses changed no more in about 3 hr. than did the responses of preparations which were treated only with sensitizing solution.
Responses to stimulation of preparations through the nerve
The treatm ent of warm preparations for f-3 hr. with a solution con taining any of the sensitizing agents in the concentration specified under the preceding subheading, but no curarine, usually produced no change in the main response to one shock, or to two shocks separated by an interval of 3-10 msec. The after-tension was also unaffected, or slightly augmented. When sensitized preparations were treated with prostigmine in large or in small concentration, their responses became like those of the cold preparations which had been treated with prostigmine in the same concentration. W ith prostigmine in concentration 0-3-10/tM and any of the sensitizers, the resemblance held good even to the appearance of the late twitchings. The sensitizer actually responsible for the augmented response and twitchings shown in figures 4 and 5 was Ringer's solution of one-half the usual calcium content.
The actions of prostigmine in concentrations 0-3-10/dVI upon the re sponse of any of the sensitized preparations became fully developed in times which were approximately the same as those in which its actions upon the responses of cold preparations became fully developed. If the sensitized preparations were left for about another hour in sensitizing solution which contained prostigmine, little further change occurred in the response. The actions of the sensitizing solution could be reversed, however, by replacing it by unmodified Ringer's solution containing prostigmine in the same concentration. When this was done, within about an hour, the response became almost the one ordinarily given by prostigmine-treated warm preparations.
The changes described above could be produced equally well if the preparation were first treated with prostigmine, and not sensitized until the action of the prostigmine had become fully developed. In these experi ments some augmentation of the response to one or two shocks appeared within a few minutes of subjecting the preparation to the sensitizing solution, but the augmentation did not become fully developed for 20-GO min. In some experiments it could be seen also th a t the after-tension passed through a stage of further augmentation before it burst into twitchings.
A few experiments were made with preparations which had been soaked for 5-6 hr. in Ringer's solution containing prostigmine. Although the muscles had become somewhat oedematous, replacement of the Ringer's solution by a sensitizing solution containing prostigmine in the same con centration caused the response to become augmented and to be followed by twitchings. _ The early twitchings, and the late twitchings when present, could be abolished by curarine or by atropine. The effective concentration of curarine chloride (0T-O5/d\l) also reduced the main response by up to 30% . The effective concentration of atropine sulphate (1 in 100,000 to 4 in 100,000) reduced the main response little, if a t all.
The changes produced by prostigmine could be produced equally well by eserine or by substance 38.
A ccording to B rem er (1928), n eurom uscular co n tractu re, following th e m ain re sponse to tw o nerv e volleys applied a t a n in terv al o f ab o u t 3-10 m sec., can be o b tain ed in b lood-circulated sciatic-gastrocnem ius p rep aratio n s in th e to a d and in B .
temporaria, b u t n o t in R . esculenta. H e has suggested (1932) th a t th e difference is due to th e g re a te r ease w ith w hich c o n tra c tu re can be evoked in th e leg muscles o f R . temporaria. I n view o f th is difference, I th o u g h t it w orth while to m ake a few experim ents on th e actions of p rostigm ine a n d sensitizing agents upon th e responses of nerve-sarto riu s p re p a ra tio n s from R . esculenta. W ith w arm Ringer-soaked prep aratio n s, I w as u n ab le to o b ta in a n y appreciable after-tension following th e response evoked b y tw o shocks to th e nerve. T re a tm e n t of p rep aratio n s w ith p ro stigm ine caused a n after-ten sio n to follow th e m ain response evoked by a single shock to th e nerve, a n d a larger after-ten sio n to follow th e m ain response evoked by two shocks w ith a n in te rv a l o f 5-20 msec, betw een th em . B o th of these after-tensions were relativ ely sm aller th a n in th e responses o f p rep aratio n s from R . temporaria (cf. figures 3
Ba n d 7 A ) .Tre a tm e n t o f p rep aratio n s from R . esculenta w ith a sensitiz ag en t a n d prostigm ine caused th e response evoked b y a single shock to th e nerve to becom e aug m en ted , a n d to be followed b y early an d late tw itchings. T he early tw itchings were relativ ely sm aller a n d a p p a re n tly som ew hat m ore fused together th a n in th e responses of p re p a ra tio n s from R . temporaria ( figure IB ) . I also ex am in ed th e actio n of g u anidine in higher concentrations upon th e responses of p rep aratio n s from R . esculenta. A co n cen tration of 2000-6000pM. caused th e re sponse evoked b y a single shock to th e nerve of a R inger-soaked prep aratio n to become au gm ented. T re a tm e n t of p rep aratio n s, previously tre a te d w ith p ro stigm ine, w ith guanidine in th e foregoing co n centration did n o t augm ent fu rth er the m ain response evoked b y a single (short) shock to th e nerve, b u t seemed to cause th e early tw itchings to becom e m ore fused to g eth er a n d to continue for longer, so th a t th e y becam e fused w ith th e la te tw itchings (e.g. figure 1C ). W ith o u t electrical records, how ever, it is im possible to be sure how m uch of th e response was due to ra p id asynchronous tw itch in g , an d how m uch to co n tractu re. B o th th e after-tension following th e response of unsensitized p re p a ratio n s an d th e tw itchings following th e response of sensitized p re p a ra tio n s w ere abolished by curarine or by atropine, in th e sam e concentrations as w ere used for th e p rep aratio n s from R . temporaria.
D is c u s s io n
If the well-known action of quinidine in stopping fibrillation of heart muscle by prolonging the refractory period is recalled, perhaps it might be suggested th a t the changes which the sensitizers produced, in the re sponse to a single shock applied to the nerve of a preparation which had been treated with any of the eserine-like compounds, except preparation 3393, could be explained in a way other than th a t advanced at the end of § 1. I t might be suggested th a t the sensitizers shortened the refractory period of the muscle and so favoured repetitive response to a single nerve volley. However, I think th a t this suggestion can be dismissed, since it has been shown th a t certain of the sensitizers produce little change in the refractory period of muscle or nerve. Lucas (1910) pointed out th a t change of calcium ion concentration in the solution bathing frog's sartorius muscle influenced greatly the sensitivity of the pelvic end towards electric stimuli of long duration, whereas the refractory period was influenced little. Bazett (1908) found th a t the refractory period of frog's sartorius muscle was rather longer in a solution containing little calcium than in a solution containing amounts of calcium chloride comparable with those in Ringer's solution, i.e. the little change th a t did occur was in the opposite sense to th a t needed to justify the above suggestion. B azett's observations are supported by Graham's (1933) work on frog nerve. She found th a t the refractory period was rather longer after soaking nerve in calcium-poor solution than after soaking in Ringer's solution. W alter and I (1937) found th a t tetraethylammonium iodide, in small concentration, sensitized nerve to stimuli of long duration, but produced no change in the refractory period.
Feng has examined the responses of toad's ( asiaticus) nervesartorius preparations. He found (1937) th a t eserine caused the muscular response evoked by a single shock to the nerve to become augmented, but th a t if stimulation was repeated more frequently than once in about 5 min. the augmentation vanished. He found th a t increase of calcium concentra tion prevented the augmentation from developing, or reduced it if already developed. Apparently toad preparations differ from frog preparations, firstly, in th a t eserine causes the response to become augmented without any special sensitization being necessary; secondly, in th a t the augmented response is more easily depressed by frequent stim ulation; thirdly, in th a t neither twitchings nor after-tension follow the augmented response. Feng (1938) has also described the action of guanidine on toad's nervemuscle preparations. He used concentrations which were usually higher (5000-10,000/dVl) than those which I used to sensitize frog preparations. He found th a t when the muscle was stimulated by single short shocks applied a t its pelvic end, the guanidine did not augment the response. The guanidine did, however, augment the response evoked by a single shock to the nerve, and caused discrete twitchings, which lasted for a minute or more, to follow it. Frequent stimulation caused the after-twitchings to diminish greatly. They were abolished by Ringer's solution of 5-6 times the usual calcium content; they were nearly abolished by curare in con centration almost sufficient to block neuromuscular conduction. Eserine caused the twitchings to be transformed into a smooth after-tension followed by a few late twitchings.
There is a general similarity between Feng's results with guanidine and mine, but since usually we used different concentrations a detailed com parison is difficult. Despite the difficulty there are several points which seem of in terest: the very long duration of the after-twitchings in the toad preparations, and the depressant action of frequent stimulation. Also, Feng's experiments upon the combined action of guanidine and eserine may be compared with my experiments with preparations from R. esculenta, in which I used higher concentrations of guanidine th an usual. I have already drawn attention to the difficulty of deciding how far the aftertension is due to fused asynchronous twitching and how far it is con tracture. Feng states th a t he made one experiment to test the action of atropine sulphate, and found th a t a concentration of 1 in 7000 did not abolish the after-twitchings produced by guanidine. In more than th irty of my experiments with frog preparations atropine has never once failed to abolish the after-twitchings or after-tension-whichever was present. I am reluctant, therefore, to accept his observation as final, and I would not dismiss the possibility th a t two processes occur in the region of the nerve ending-one sensitive to atropine and the other insensitive.
SE C T IO N 3
In the previous section it was shown th at, when a warm nervesartorius preparation which had been soaked in Ringer's solution of one-half the usual calcium chloride content was treated with any of the eserine-like substances, the muscular response evoked by a single shock to the nerve became augmented. Locke (1894) found th a t within about 20 min. of immersing a nerve-sartorius preparation in an isotonic solution of sodium chloride a single shock to the nerve evoked no response from the muscle, whereas repetit i ve stimulation of the nerve still caused the muscle to contract. He found th a t the response of the muscle to direct stimulation was almost unchanged; and that, in the absence of stimulation, the muscle exhibited some spontaneous activity. He also showed th a t the addition of a small quantity of calcium chloride to the solution restored the effectiveness of nerve stimulation, and stopped the spontaneous activity of the muscle. Cushing (1901) showed th a t results similar to Locke's could be obtained when the frog's gastrocnemius-sciatic preparation was left in situ and perfused with the appropriate solutions. Overton (1902 Overton ( , 1904 found th a t the addition of potassium chloride, in concentrations comparable with those in Ringer's solution, to the sodium chloride solution accelerated the paralysis to stimulation through the nerve. He found th a t the paralysis was also accelerated if certain quaternary ammonium salts, known to have curare-like activity, were added instead of potassium chloride. Adrian and Lucas (1912) made experiments with nerve-muscle prepara tions wdiich had been treated with sodium chloride solution. They found th a t the effects of shocks applied through one pair of electrodes on the nerve could sum with the effects of shocks applied through a separate pair of electrodes on another part of the nerve to cause contraction of the muscle. This, they pointed out, indicates th a t local summation in the nerve is of no importance in these experiments. Taking a general view of the observations just cited, it appears th a t a deficiency of calcium ions affects neuromuscular transmission in some other way, besides the one described in § 2. The experiments of this Section are concerned with th at point. Warm nerve-sartorius preparations were treated with calciumdeficient solution, and the course of the changes thereby produced in the form of muscular response to stimulation of the nerve or of the pelvic end of the muscle, at various frequencies, was examined; also, of the further changes produced by subsequent treatm ent with prostigmine or eserine.
Experimental details
The preparation was mounted in the modified Lucas's trough, and the muscle connected to an isometric spring torsion lever. The arrangements for repetitive stimulation were the same as described in a previous paper (1938) , except th a t a switch was inserted so as to permit, when required, condenser discharge shocks to be used instead of the usual alternate charge and discharge. Single shocks, when required, were condenser discharges.
The calcium-deficient solution was the usual Ringer's solution, but without calcium chloride. Its calcium content was less than 10/d\f. As a precaution against calcium diffusing out from the inner parts of the pre-paration and so causing a 'spontaneous' recovery, the calcium-deficient solution was renewed several times during each experiment. 
Responses to stimulation of muscle
Test periods of stimulation lasting 10-30 sec. were used. The way in which the form of the response of the Ringer-soaked sartorius muscle varies with the rate of stimulation and the reproducibility of the response have already been described in some detail (Cowan 1938) . For the present purpose it is sufficient to state th a t a t stimulation rates between 50 and 180 per sec. the tension rose rapidly to its maximum or almost to its maximum value, remained fairly steady for a few seconds (usually 3-6), and afterwards fell slowly (e.g. figure 8^4 ); th a t so long as rest intervals of 10-15 min. were allowed between the test periods of stimulation, the response, a t any one frequency, deteriorated little in 3 hr. The soaking of preparations for |-2 hr. in calcium-deficient solution caused the response to assume the following form. The tension rose initially to a value 5-20 % smaller than th a t which had been attained before tre a tm e n t; for 1-3 sec. the tension remained steady or fell slowly; then, in the next 4-6 sec., it fell to about two-thirds of the initial value; after th a t the fall continued, but much more slowly (e.g. figure 8 G).When pre brought to this state were treated with prostigmine or eserine, in con centrations up to 30/dVI, for periods up to 2 hr., no greater change occurred in their responses than in the responses of preparations which were not so treated. W hether or not the preparation had been treated with prostigmine or eserine, provided th a t it had not been in the calcium-deficient solution for more than about an hour, soaking in Ringer's solution of the usual calcium content (with or w ithout prostigmine or eserine) restored the response to such an extent, th a t it nearly equalled the response of a control preparation which had been kept for the same time in Ringer's solution. If, however, the ' experimental ' preparation had been in calcium-deficient solution for more than about 2 hr., the restoration was less complete: after return to the normal Ringer's solution the tension developed in the response was still lower (5-10%) than in the response of a continuously Ringer-soaked control preparation, and the rate of fall of tension was rather more rapid.
The above-described responses were unaffected when the time-constant of the shocks used was varied between 200 and 500 /csec., and when their strengths were varied between 1 and 1*5 times those needed to evoke maximal response.
Responses to stimulation of nerve
The way in which the form of the response of the Ringer-soaked pre paration varies with stimulation frequency has already, like the response of muscle to direct stimulation, been described in some detail (Cowan 1938) . For the present purpose the following description is sufficient. In response to stimulation with about 100 shocks per sec. the tension rose to a maximum, usually 1-5 % higher than th a t evoked by direct stimulation of the muscle a t the same frequency; then the tension began to fall slowly, after 2-3 sec. there appeared superimposed on the fall a slow and small rise which lasted for several seconds; passing through a second maximum the tension con tinued to fall slowly (e.g. figure 8(7) . The average rate of fall of tension during a 20-30 sec. period of stimulation was rather greater than during direct stimulation of the muscle for the same period. In response to stimulation with about 150 shocks per sec. the tension rose to a maximum which was usually equal to or slightly greater than th a t evoked by direct stimulation of the muscle at the same frequency; in 2-6 sec. the tension fell rapidly; the fall was succeeded first by a slower (secondary) rise, which continued for several seconds, and afterwards by a very slow fall (e.g. figure 8 B). The soaking of preparations for 5-10 min. in calcium-deficient solution produced the following changes in the responses. Upon stimulating a t a frequency of 150 per sec., the tension rose to a maximum which was about 90% of the maximum attained before the soaking, then fell slowly for 10-15 sec.; during the next 15-20 sec., the tension remained steady, or even rose slightly (e.g. figure 8 D ).Upon stimulating at low the tension rose to 80-90 % of the maximum attained before soaking, and then fell slowly and smoothly to one-half to two-thirds of the initial maximum. After preparations had been soaked for about another 10 min. in calcium-deficient solution, in response to stimulation with 100 shocks per sec., the tension rose to 50-60% of the maximum th a t had been attained before soaking, remained steady for 2-3 sec., and afterwards fell slowly (e.g. figure  H E) . The response to stimulation with 15 per sec. was of similar form, but the tension developed was greater through out.
After preparations had been soaked in calcium-deficient solution for |-1 hr., as previous workers found, a single shock to the nerve evoked no response from the muscle. When the nerve was stimulated with 150 shocks per sec. the muscle developed no visible tension during the first 1-3 sec., after th at the tension rose slowly along a more or less S-shaped curve, F ig u r e 8. 11. xii. 35. T he effect of calcium -deficient R inger's solution upon th e response to re p e titiv e stim u la tio n of th e nerve, an d of th e pelvic end of th e muscle, of a sarto riu s p re p a ra tio n from a w arm frog; also, th e effect of prostigm ine added su b seq u en tly .
A , 4.55 p.m ., th e m uscle was stim u lated w ith shocks of tim e-co n stan t 490 /fsec., a t a frequency of 150 per sec. w hilst th e p re p a ra tio n was still im m ersed in th e usual R inger's solution. B , 5.5 p.m ., th e nerve was stim u lated w ith shocks of tim e-co n stan t 109 fisec., a t a frequency of 150 per sec. w hilst th e p rep aratio n was in th e usual R inger's solution. C, 5.35 p.m ., th e nerve was stim u lated in th e sam e conditions as in B ,but a frequency of 90 per sec. 5.38 p.m ., b a th drain ed an d th e n filled w ith calcium -deficient solution. D , 5.45 p.m ., th e nerve was stim u lated w ith shocks of th e sam e tim e-constant an d a t th e sam e frequency as in B .
5.48 p.m ., b a th drained a n d th e n re-filled w ith calcium -deficient solution. E , 5.55 p.m ., nerve stim u lated w ith shocks of th e sam e tim e-constant a n d a t th e sam e frequency as in G. F , 6.8 p.m ., nerve stim u lated as in D.
6.10 p.m ., b a th drain ed a n d th e n filled w ith calcium -deficient solution con taining 12/iM prostigm ine. G, 6.35 p.m ., muscle stim u lated as in A . H , 6.45 p.m ., nerve stim u lated as in D. 6.53 p.m ., calcium chloride solution added to b a th to m ake concentration 0-026 % CaCl2 (2-36 mM.). K , 7.10 p.m ., nerve stim u lated as in D.
attaining a maximum in 10-15 sec. Usually the maximum did not exceed 25 % of th a t attained before the soaking. As stimulation was continued the tension fell very slowly (e.g. figure 8 If the nerve was stimulated a t lower frequencies (70-100 per sec.) the response was of the same form as a t the higher frequencies, but the interval which elapsed before the muscle developed any visible tension was longer, the S-shaped rise was slower and the maximum attained was even smaller.
When preparations were brought to the state described in the previous paragraph, and then further treated with calcium-deficient solution con. taining prostigmine or eserine, the responses to stimulation a t various frequencies became slightly improved. Stimulation with about 150 shocks per sec. caused the tension to rise almost immediately to about 10% of the maximum attained in the responses recorded a t the beginning of the experiment; the tension continued to rise slowly, reaching a maximum after 5-10 sec., i.e. earlier th an before treatm ent with prostigmine or eserine. The maximum, however, was not much greater than th a t attained before treatm ent. During further stimulation the tension fell very slowly (e.g. figure SH) . I f the nerve was stim ulated a t lower frequencies (70-100 per sec.) the form of the response was approximately the same as th a t just described, but throughout the tension developed was smaller. The time lag between the addition of prostigmine or eserine to the bath and the development of the maximum change was dependent on the concentration of those substances in much the same way as was the time lag in other earlier experiments (Cowan 1938) . The improvement of response produced by lOO/dM solution of prostigmine or a 50/dM solution of eserine sulphate was little greater than the improvement produced by a 5/dM solution of either substance. I think it probable, although I have made no experi ments to test the point, th a t the slightly greater improvement produced by the more concentrated solutions was due mainly to their shorter time lag, which m eant th a t the preparations had been soaking in calciumdeficient solution for a shorter time.
Soaking the preparation in Ringer's solution of the usual calcium content for 10-15 min. produced an improvement of quite a different order. This happened whether or not prostigmine was also used (e.g. figure 8 K ).If the preparation had been soaked merely in calcium-deficient solution for less than an hour, soaking for about half an hour in Ringer's solution restored the responses almost to what they had been a t the beginning of the experiment. I f the preparation had been in calciumdeficient solution for more than about 1 | hr., the restoration was less complete: the tension attained was 60-80 % of what had been attained at the beginning of the experiment; at frequencies between 100 and 150 per sec. the fall of tension from the initial maximum was slower and less pro nounced. If the preparation had been treated with prostigmine or eserine, then the form of the restored response was partly dependent on the concentration which had been used. When the Ringer's solution contained prostigmine or eserine, the response first became like th a t shown in figure 8K ; after more soaking, the response became like th a t of a warm preparation which had been treated only with prostigmine-containing Ringer's solution (for details see Cowan 1938) .
I t is possible to outline a provisional interpretation of most of the observations described in this paper in terms of the hypothesis th a t acetylcholine is the transm itter from motor nerve to skeletal muscle. A start will be made with the observations in § § 1 and 2.
Evidence has already been offered th a t any of the eserine-like sub stances caused the muscle of a cold or sensitized preparation to respond repetitively to a single volley in the nerve. This action of the eserine-like substances was probably due mainly to their inhibiting the destruction, by choline-esterase, of the acetylcholine liberated a t the nerve endings. Marnay and Nachmansohn (1937a, b, c, 1938) have shown th a t the cholineesterase in frog muscle is much more concentrated a t or near the nerve endings than in other parts of the muscle. The additional possibility th a t any of the eserine-like substances exerted a sensitizing action upon at least the part of the muscle fibre juxtaposed to the nerve ending, and perhaps upon the remainder of the muscle fibre also, cannot be excluded. Turning now to the after-tension which followed the main response evoked from warm muscle when two shocks were applied in rapid succession to the nerve, it is possible th at after each nerve volley a small quantity of ACh. persisted in the region of the nerve endings for a time long in comparison with the absolute refractory period. The action of eserine-like substances in augmenting the after-tension could be attributed to inhibition of the choline-esterase in the region of the nerve endings. Again, the possibility th at any of the eserine-like substances also exerted a sensitizing action on the muscle cannot be excluded. To suppose th a t the after-tension was due to ACh. would accord with its sensitiveness to curarine and to atropine. The action of eserine-like substances in partly transforming into (early) twitchings the after-tension which followed the main response to stim ula tion of the nerve of a cold or sensitized preparation might be attri-buted to inhibition of the choline-esterase in the region of the nerve endings. For a third time, the possibility th a t any of the eserine-like substances exerted a direct action on the muscle cannot be excluded. At present, I can offer no explanation of the action of eserine-like substances in causing twitchings to appear 10-15 sec. after stimulation of the nerve of a cold or sensitized preparation. Now, interpretation of the observations described in § 3 can be con sidered. In a previous paper (1938) I suggested: first, th a t for repetitive stimulation of the motor fibres of a nerve trunk to evoke a tetanic response from a muscle, it would be necessary for the ACh. concentration, in the intervals between volleys, to fall below the threshold needed to initiate excitation from the p art of the muscle fibre juxtaposed to the nerve ending, and th a t the failure of neuromuscular transmission which occurred during rapid repetitive stimulation was due to successive liberations of ACh. following one another more quickly than the agencies responsible for their removal could deal with th e m ; secondly, th a t the changes observed in the form of the response to repetitive stimulation of the nerve of a warm Ringer-soaked preparation were due to a progressive diminution in the amount of ACh. liberated by each successive nerve volley. I showed th at certain eserine-like substances produced changes in the responses to nerve stimulation, which were approximately the same as would have been produced by raising the frequency. I pointed out th a t those changes were consistent with inhibition of the choline-esterase a t the nerve-endings, and/or sensitization of the p art of the muscle fibre juxtaposed to the nerve ending. In the experiments just reported, however, the effects of im mersing a preparation for 5-10 min. in calcium-deficient solution were essentially opposite to those of the eserine-like substances, i.e. the changes produced in the form of response by a moderate degree of calciumdeficiency, a t any of the frequencies examined, were such as might have been produced in the responses of " w arm " Ringer-soaked preparations by lowering the frequency. Two possible factors a re : first, th a t the amount of ACh. liberated per nerve volley is reduced in a manner corresponding to the degree of calcium deficiency; secondly, th a t calcium deficiency diminishes the sensitivity of the p art of the muscle juxtaposed to the nerve ending towards ACh. Against the second factor being of major importance are the observations on the relative ineffectiveness of eserinelike compounds in restoring neuromuscular transmission after it had been severely depressed or abolished by calcium deficiency. Recent and more direct observations of Harvey and Macintosh (1940) also indicate th at the second factor is the less im portant. They found th at when the cat's superior cervical ganglion was perfused with Locke's solution from which calcium had been omitted and to which had been added a little eserine, no ACh. could be detected in the perfusate during or after stimulation of the pre-ganglionic fibres.
The effects of immersing a frog preparation in calcium-deficient solution for longer times-15 to 20 minutes-appear to involve at least one additional factor. The ineffectiveness of a single volley, and the reduction of the response to repetitive stimulation to one-half or two-thirds of its normal value, imply th a t the amount of ACh. liberated by each nerve impulse was reduced below the threshold amount necessary to set up propagated excitation in the muscle fibre supplied. It seems th a t an ineffective nerve impulse may somehow leave behind a raised excitability in the region of the nerve ending, which may render effective a second and otherwise in effective nerve impulse. The properties of the after-tension in the responses of Ringer-soaked preparations suggest th a t ACh. may persist in the region of the nerve endings for some time after a nerve volley. Possibly the raised excitability was due to persisting ACh., but such a conclusion must be regarded as one on which further experimental evidence is needed (cf. Rosenblueth and Morrison 1937; Brown and Euler 1938) . The S-shaped form of response which developed after f-1 hr. in calcium-deficient solution may be consistent with still further reduction of the amount of ACh. liberated by each nerve impulse. In connexion with this last state of the preparation, it must be pointed out th a t no response appeared until the nerve had been stimulated for 1 sec. or longer, in which time a t least 100 shocks were applied; th a t from the records it is impossible to decide how far the response was propagated excitation in a few muscle fibres and how far it was contracture near the nerve endings; that, consequently it is impossible to decide to what extent the kind of summation referred to above entered into the response.
Feng, and Feng and Shen have also reached the conclusion th a t the greater the calcium ion concentration in the surrounding fluid the greater is the amount of ACh. liberated by each nerve impulse. Their experiments were made mainly with toad's ( B ufo-bufoasiaticus) isolated nerv preparations. The principal observations on which their conclusion rests are: increase of the calcium ion concentration above the normal value in Ringer's solution favoured the development of the failure of neuromuscular transmission which occurs when the nerve is stimulated at high frequency (Feng 1936a ); increase of calcium-ion concentration restored or partly restored the responses evoked by single maximal shocks from partly curarized preparations; or preparations in which neuromuscular conduction
